In this paper, the galvanic effect of pyrite and arsenopyrite during the leaching pretreatment of gold ores was determined with the use of electrochemical testing (open circuit potential, linear sweep voltammetry, Tafel, and electrochemical impedance spectroscopy (EIS)) and frontier orbit calculations. The results show that (i) the linear sweep voltammetry curve and Tafel curve of the galvanic pair are similar to those of arsenopyrite, (ii) the corrosion behavior of the galvanic pair is consistent with that of arsenopyrite, and (iii) the galvanic effect promotes the corrosion of arsenopyrite by simultaneously increasing the cathode and anode currents and reducing oxidation resistance. The frontier orbit calculation explains the principle of the galvanic effect of pyrite and arsenopyrite from the view of quantum mechanics.
Introduction
The chemical formulas of pyrite and arsenopyrite are FeS 2 and FeAsS, respectively. Pyrite and arsenopyrite are the two most important gold-containing minerals in gold ores [1] [2] [3] [4] . Fine-grained or submicroscopic gold is disseminated within pyrite and arsenopyrite, thereby rendering gold inaccessible to cyanide solutions [5] . Dissolving pyrite and arsenopyrite is the main objective of the biological pretreatment of gold ores [6] [7] [8] . Arsenic present in arsenopyrite is harmful to the bacteria used in bioleaching. A decision whether to leach run-of-mine ore or concentrate can only be made after determining the percentage of gold which is trapped in both sulfides and the free gold as well, to minimize the operating cost of the process [5] . In the case where gold is preferentially associated with arsenopyrite, only partial oxidation of this arsenopyrite is required for an increased gold liberation [9] . The oxidation reactions of pyrite and arsenopyrite during bioleaching have been widely discussed. Komnitsas et al. [5, 9] and Smith et al. [10] described the aqueous oxidation of pyrite using stoichiometric chemical reactions: 
The reactions involved in the aqueous oxidation of arsenopyrite are shown in Equations (6) and (7) [11, 12] 
The role of ferric ions, which are produced by the bacterial oxidation of ferrous ions, accelerates oxidation of sulfide phases and raises solution Eh [9] . In fact, ferric ions can be regarded as "catalysts" for the reactions involved in the oxidation of minerals. Ferrous ions are oxidized to ferric ions by oxygen, which then oxidizes minerals and produces more ferrous ions in a perpetual process which can be significantly accelerated by bacteria. Bioleaching takes place in an acidic solution, and the hydrogen ions are either the reactants or products of the bioleaching reaction. In a ferric ion solution (pH < 4), the oxidants of pyrite and arsenopyrite are ferric ions, rather than dissolved oxygen [12, 13] . Thus, the galvanic effect of pyrite/arsenopyrite in the presence of sulfuric acid, ferric ion, and HQ0211 bacteria strain solutions was assessed in this paper.
Biological pretreatment of gold ores is associated with galvanic effects [14] [15] [16] . The oxidation potential of pyrite is around 630 mV, while arsenopyrite oxidation is initiated at much lower Eh values, ranging between 390 and 430 mV [5, 9] . The rest potential of arsenopyrite is lower than that of pyrite. Under acidic conditions, a galvanic effect occurs when they contact each other, after which arsenopyrite dissolves as an anode, and pyrite acts as a cathode [17, 18] . In addition, it is well known that the galvanic effect promotes the corrosion of arsenopyrite in the process of arsenical gold sulfide concentrate bio-pretreatment. In other words, the presence of pyrite accelerates oxidation of arsenopyrite [5] [6] [7] [8] [9] . In recent years, the galvanic mechanism of pyrite and arsenopyrite in different media has been discussed [14] [15] [16] [17] [18] . Urbano et al. [15] stated that the electrochemical reactivity of pyrite in contact with arsenopyrite mineral was delayed and shifted to more positive potentials with respect to the high-purity pyrite mineral electrochemical response due to the galvanic effect. This reaction process was described according to the results of scanning electron microscopy (in ferric-free solution with a pH of 6.5). Santos et al. [17] calculated the stability, structure, and electronic properties of the pyrite/arsenopyrite solid-solid interface by DFT (density functional theory) and stated that the valence band of the pyrite/arsenopyrite interface has large contributions from the pyrite phase, while the conduction band has large contributions from the arsenopyrite. This is consistent with the role of pyrite as the cathode and arsenopyrite as the anode in galvanic contact with unfavorable miscibility. Deng et al. [18] studied the galvanic pair in a 9 K culture medium and sulfuric acid (pH = 1.6), which revealed that the presence of pyrite increased the conductivity of the electrodes and electrolytes. Thus, this verified the catalytic effect of the galvanic interactions on the process of arsenopyrite leaching. In addition, the galvanic effect of other minerals has also been studied, such as pyrite/chalcopyrite [14] , chalcopyrite/magnetite [16] , pyrite/gold [19] , and pyrite/galena [20] . Pyrite and arsenopyrite are contained in almost all types of gold ores, as they make contact naturally and form a galvanic pair during leaching. In the bioleaching process, the effective components in the solution are sulfuric acid, ferric ions, and the bio-leaching bacteria. However, the promoting mechanism of the galvanic effect of pyrite and arsenopyrite in the leaching process has been seldom discussed. The novelty of this paper is the study of the corrosion behavior of pyrite, arsenopyrite, and the galvanic pair in the presence of sulfuric acid, ferric ions, and the HQ0211 strain (a mixture of strains protected by a patent in our lab) by electrochemical methods.
The study is an in-depth attempt to interprete by means of electrochemical measurements and DFT calculations a well-known phenomenon of practical importance for gold ore pretreatment: the galvanic corrosion of arsenopyrite in contact with pyrite. The electrochemical corrosion behavior of pyrite, arsenopyrite, and galvanic pairs is compared in detail. The electrochemical impedance spectroscopy (EIS) models of pyrite/arsenopyrite galvanic pair are established and explained. Furthermore, an EIS model of arsenopyrite oxidation with less fitting error (absence of ferric ions, pH = 1.5) is proposed. The mechanism of galvanic effect accelerating arsenopyrite corrosion is discussed. Then the electrokinetic properties of pyrite and arsenopyrite are calculated according to the frontier orbital theory based on the density functional theory (DFT) which provided a quantum mechanics perspective of pyrite/arsenopyrite galvanic effect.
Experimental Methods

Electrochemical Methods
The pyrite and arsenopyrite specimens were obtained from Shandong Zhaojin Group Co., Ltd., Zhaoyuan, China. The results of X-ray diffraction (XRD) analysis (model of the instrument: D8 ADVANCE; wavelength radiation: 1.5405 Angstrom; kV and mA values during operation: 30 KV and 40 mA; type of detector: LYNXEYE, Bruker Corporation, Billerica, MA, USA) of the pyrite and arsenopyrite are shown in Figure 1 . To avoid the influence of mineral oxidation on electrochemical behavior during grinding, block electrodes were used in all electrochemical experiments instead of carbon paste electrodes. The specimens were cut into rectangular slices with dimensions of approximately 10 × 10 × 5 mm and mounted using epoxy resin. The slides were polished on both sides. An insulated copper wire was attached to the underside of the specimen using silver conductive epoxy, which was subsequently coated with epoxy resin. A fresh pyrite surface was created before each experiment by abrading with successively finer grades (600, 800, 1200, 1600, and 2000 grit) of silicon carbide paper, which was followed by successive polishing with 3, 1, and 0.5 µm diamond suspensions and rinsing with Milli-Q water in a nitrogen-filled vessel for 20 s. The exposed surfaces of pyrite, arsenopyrite, and the pyrite-arsenopyrite galvanic pair electrode are shown in Figure 2a -c, respectively. Milli-Q water with a specific resistance of 18.2 MΩ·cm −1 was used in all experiments, and all reagents used in this study were of analytical purity. The sulfuric acid solution (pH = 1.5) and ferric sulfate solution (pH = 1.5, 9 g·L −1 Fe 3+ ) were prepared from sulfuric acid and ferric sulfate. The HQ0211 bacteria strain was obtained (solution potential >600 mV, number of viable bacteria >10 7 /mL, pH = 1.5) and 0.01 mol/L Na 2 SO 4 was used as the supporting electrolyte in all electrochemical solutions. All electrochemical experiments were conducted on a CHI660e electrochemical workstation, (CH Instruments, Inc., Austin, TX, USA). Electrochemical measurements were performed using a conventional three-electrode system. The experimental conditions of the open circuit potential test (Table 1) To simulate a real leaching environment, the dissolved oxygen in the solution was not removed during the experiment. All potential values in this paper are relative to a standard hydrogen electrode (SHE). 
DFT Calculational Details
All calculations were performed using DMOL3 (Version: 5.0, Accelrys, San Diego, USA) [21] and the generalized gradient approximation (GGA) PW91 density functional [22] . Only the valence electrons (Fe 3d 6 4s 2 and S 3s 2 3p 4 As 4s 2 4p 3 ) were considered by using ultra soft pseudopotentials [23] and a plane wave cut-off energy of 300 eV after testing. The Monkhorst-Pack k-point sampling density for pyrite was 4 × 4 × 4 for a mesh and 2 × 3 × 2 for arsenopyrite. The self-consistent field (SCF) convergence tolerance was set to 1.0 × 10 −6 eV•atom −1 . Because of the existence of iron atoms in pyrite and arsenopyrite, the electron spin polarization was considered in calculations.
Pyrite (cubic symmetry) with a space group Pa-3 and cell parameter of 5.417 Å [24] , and arsenopyrite with a space group B-1(a = 9.51 Å; b = 5.65 Å; c = 6.42 Å; α = β = γ = 90°) were used in our calculations [25] .
Results and Discussion
Surface Activity
Galvanic interaction is closely related to the surface activity of two electrically connected materials [18] . The surface activity of pyrite and arsenopyrite in a solution was tested via open circuit potential (OCP) testing. The mean OCPs of pyrite, arsenopyrite, and the galvanic pair in a solution are listed in Table 1 . Due to the adsorption of ferric ions and bacteria onto the mineral surface and the previously mentioned oxidation reactions, the OCPs of pyrite and galvanic pair in the sulfuric acid, ferric ion, and HQ0211 strain solutions increased successively. The pyrite OCP value in HQ0211 strain is higher than that in the ferric ion solution. Ferric iron is produced by the oxidation of ferrous iron (reaction 3) while the action of bacteria produces more ferric iron [9] . The mechanism of the enrichment of mineral surfaces with ferric ions produced by bacterial action has been mainly discussed elsewhere [26, 27] . Due to the toxicity of arsenopyrite to bacteria, the OCP of arsenopyrite in the bacterial solution is only slightly higher (435 mV to 446 mV) than that in the ferric ion solution [28] [29] [30] .
Pyrite shows higher OCP values than arsenopyrite in the three tested solutions (Table 1) , which indicates that it is more stable than arsenopyrite. Since the electrode potential determines the intrinsic polarity of a galvanic pair, pyrite with the higher OCP would serve as the cathode while arsenopyrite with the lower OCP would act as the anode. The galvanic potentials of the galvanic pair in a twoelectrode system in the three tested solutions were 388 mV, 294 mV, and 322 mV, respectively, Minerals 2019, 9, x FOR PEER REVIEW 6 of 13 Table 1 also shows that the OCP values of the galvanic pair were higher than those of arsenopyrite in all tested solutions. As the OCP of the galvanic pair reflects the new equilibrium point of pyrite and arsenopyrite, and the OCP of the galvanic pair is higher than the OCP of arsenopyrite, it can, therefore, polarize the arsenopyrite electrode positively and provide a positive over-potential to shift the overall reaction to the anodic region. This leads to an increase in the oxidation rate of arsenopyrite in all three solutions investigated in this paper.
Dissolution Behavior of the Galvanic Pair
Linear sweep voltammetry was performed to explain the dissolution process of the three electrodes. The linear sweep voltammetry curves of the three investigated electrodes in the three investigated solutions are shown in Figure 3 . Compared with those of arsenopyrite and the galvanic pair, the oxidation peak of pyrite is insignificant in the three tested solutions, and the oxidation curve of arsenopyrite is similar to that of the galvanic pair. The results show that the oxidation behavior of the galvanic pair is similar to that of arsenopyrite within the sweep range, in agreement with the role of Fe 3+ in acceleration oxidation (indirect mechanism). At the same time, in the three types of solution, the oxidation peak area of the galvanic pair is larger than that of arsenopyrite, which indicates that the galvanic effect accelerates the oxidation of arsenopyrite. The corrosion behavior of the three electrodes in all investigated solutions was further studied using the Tafel curve ( Figure 4) . The calculated Tafel curve data are listed in Table 2 .
As shown in Figure 4 , the corrosion potential of the galvanic pair is similar to that of arsenopyrite (0.22, 0.40, 0.46) but very different from that of pyrite (0.56, 0.63, 0.64 in three investigated solutions respectively), which indicates that the corrosion of the galvanic pair occurs at a potential similar to that of arsenopyrite. The slight decrease in the current marked in Figure 4 by a red circle is due to the oxidation of iron in the arsenopyrite, which is characteristic of arsenopyrite oxidation (pyrite does not have this characteristic) [26, 28] . This is the same as the characteristic of the galvanic effect (an anodic reaction occurs first without changing the reaction process). It is also consistent with the results of the linear voltammetry analysis. (c) The corrosion behavior of the three electrodes in all investigated solutions was further studied using the Tafel curve (Figure 4) . The calculated Tafel curve data are listed in Table 2 .
As shown in Figure 4 , the corrosion potential of the galvanic pair is similar to that of arsenopyrite (0.22, 0.40, 0.46) but very different from that of pyrite (0.56, 0.63, 0.64 in three investigated solutions respectively), which indicates that the corrosion of the galvanic pair occurs at a potential similar to that of arsenopyrite. The slight decrease in the current marked in Figure 4 by a red circle is due to the oxidation of iron in the arsenopyrite, which is characteristic of arsenopyrite oxidation (pyrite does not have this characteristic) [26, 28] . This is the same as the characteristic of the galvanic effect (an anodic reaction occurs first without changing the reaction process). It is also consistent with the results of the linear voltammetry analysis. The acceleration of the anodic reaction due to the galvanic effect is reflected in the corrosion current. Table 2 shows that in the sulfuric acid, ferric ion, and HQ0211 strain solutions, the corrosion current of the galvanic pair was 2.40 times, 1.50 times, and 2.92 times that of arsenopyrite, respectively. The galvanic effect observably accelerates the oxidation of arsenopyrite. The limiting steps of the oxidation of arsenopyrite by the cathodic process can also be seen in Table 2 . The increase in the cathodic current of arsenopyrite is larger than that in the anodic current when coupled with pyrite, which is due to the enhancement of the electron donation capability of the slightly negative pyrite.
The rate determining step and the reaction mechanism of the electrode system can be illustrated by electrochemical impedance spectroscopy (EIS). Nyquist plots of the galvanic pair and arsenopyrite in the three investigated solutions are shown in Figure 5 . The shape of the Nyquist plot of the galvanic pair is very similar to that of arsenopyrite in the three investigated solutions with the same initial E. This shows that the reaction mechanisms of the galvanic pair and arsenopyrite alone are similar under the same potential.
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DFT Calculational Details
All calculations were performed using DMOL3 (Version: 5.0, Accelrys, San Diego, CA, USA) [21] and the generalized gradient approximation (GGA) PW91 density functional [22] . Only the valence electrons (Fe 3d 6 4s 2 and S 3s 2 3p 4 As 4s 2 4p 3 ) were considered by using ultra soft pseudopotentials [23] and a plane wave cut-off energy of 300 eV after testing. The Monkhorst-Pack k-point sampling density for pyrite was 4 × 4 × 4 for a mesh and 2 × 3 × 2 for arsenopyrite. The self-consistent field (SCF) convergence tolerance was set to 1.0 × 10 −6 eV·atom −1 . Because of the existence of iron atoms in pyrite and arsenopyrite, the electron spin polarization was considered in calculations.
Pyrite (cubic symmetry) with a space group Pa-3 and cell parameter of 5.417 Å [24] , and arsenopyrite with a space group B-1 (a = 9.51 Å; b = 5.65 Å; c = 6.42 Å; α = β = γ = 90 • ) were used in our calculations [25] .
Results and Discussion
Surface Activity
Galvanic interaction is closely related to the surface activity of two electrically connected materials [18] . The surface activity of pyrite and arsenopyrite in a solution was tested via open circuit potential (OCP) testing. The mean OCPs of pyrite, arsenopyrite, and the galvanic pair in a solution are listed in Table 1 .
Due to the adsorption of ferric ions and bacteria onto the mineral surface and the previously mentioned oxidation reactions, the OCPs of pyrite and galvanic pair in the sulfuric acid, ferric ion, and HQ0211 strain solutions increased successively. The pyrite OCP value in HQ0211 strain is higher than that in the ferric ion solution. Ferric iron is produced by the oxidation of ferrous iron (reaction (3)) while the action of bacteria produces more ferric iron [9] . The mechanism of the enrichment of mineral surfaces with ferric ions produced by bacterial action has been mainly discussed elsewhere [26, 27] . Due to the toxicity of arsenopyrite to bacteria, the OCP of arsenopyrite in the bacterial solution is only slightly higher (435 mV to 446 mV) than that in the ferric ion solution [28] [29] [30] .
Pyrite shows higher OCP values than arsenopyrite in the three tested solutions (Table 1) , which indicates that it is more stable than arsenopyrite. Since the electrode potential determines the intrinsic polarity of a galvanic pair, pyrite with the higher OCP would serve as the cathode while arsenopyrite with the lower OCP would act as the anode. The galvanic potentials of the galvanic pair in a two-electrode system in the three tested solutions were 388 mV, 294 mV, and 322 mV, respectively, meaning that the galvanic interaction between them truly exists. Table 1 also shows that the OCP values of the galvanic pair were higher than those of arsenopyrite in all tested solutions. As the OCP of the galvanic pair reflects the new equilibrium point of pyrite and arsenopyrite, and the OCP of the galvanic pair is higher than the OCP of arsenopyrite, it can, therefore, polarize the arsenopyrite electrode positively and provide a positive over-potential to shift the overall reaction to the anodic region. This leads to an increase in the oxidation rate of arsenopyrite in all three solutions investigated in this paper.
Dissolution Behavior of the Galvanic Pair
Linear sweep voltammetry was performed to explain the dissolution process of the three electrodes. The linear sweep voltammetry curves of the three investigated electrodes in the three investigated solutions are shown in Figure 4 . Compared with those of arsenopyrite and the galvanic pair, the oxidation peak of pyrite is insignificant in the three tested solutions, and the oxidation curve of arsenopyrite is similar to that of the galvanic pair. The results show that the oxidation behavior of the galvanic pair is similar to that of arsenopyrite within the sweep range, in agreement with the role of Fe 3+ in acceleration oxidation (indirect mechanism). At the same time, in the three types of solution, the oxidation peak area of the galvanic pair is larger than that of arsenopyrite, which indicates that the galvanic effect accelerates the oxidation of arsenopyrite.
The corrosion behavior of the three electrodes in all investigated solutions was further studied using the Tafel curve ( Figure 4) . The calculated Tafel curve data are listed in Table 2 . As shown in Figure 4 , the corrosion potential of the galvanic pair is similar to that of arsenopyrite (0.22, 0.40, 0.46) but very different from that of pyrite (0.56, 0.63, 0.64 in three investigated solutions respectively), which indicates that the corrosion of the galvanic pair occurs at a potential similar to that of arsenopyrite. The slight decrease in the current marked in Figure 4 by a red circle is due to the oxidation of iron in the arsenopyrite, which is characteristic of arsenopyrite oxidation (pyrite does not have this characteristic) [26, 28] . This is the same as the characteristic of the galvanic effect (an anodic reaction occurs first without changing the reaction process). It is also consistent with the results of the linear voltammetry analysis.
The acceleration of the anodic reaction due to the galvanic effect is reflected in the corrosion current. Table 2 shows that in the sulfuric acid, ferric ion, and HQ0211 strain solutions, the corrosion current of the galvanic pair was 2.40 times, 1.50 times, and 2.92 times that of arsenopyrite, respectively. The galvanic effect observably accelerates the oxidation of arsenopyrite. The limiting steps of the oxidation of arsenopyrite by the cathodic process can also be seen in Table 2 . The increase in the cathodic current of arsenopyrite is larger than that in the anodic current when coupled with pyrite, which is due to the enhancement of the electron donation capability of the slightly negative pyrite.
The rate determining step and the reaction mechanism of the electrode system can be illustrated by electrochemical impedance spectroscopy (EIS). Nyquist plots of the galvanic pair and arsenopyrite in the three investigated solutions are shown in Figure 5 . The shape of the Nyquist plot of the galvanic pair is very similar to that of arsenopyrite in the three investigated solutions with the same initial E. This shows that the reaction mechanisms of the galvanic pair and arsenopyrite alone are similar under the same potential. To further fit the data, this paper improved upon the analog circuit created by Deng et al. [31] in the sulfuric acid solution. The analog circuit and theory model are shown in Figure 6 . A new oxidation resistance R3 and interface Q3 were added to the circuit. The resistance of the electrochemical reaction is parallel to the capacitance of the double layer. The solution resistance is connected in series with the parallel circuit of the electrode-electrolyte double-layer capacitance and the electrochemical reaction resistance. The initial oxidation resistance is connected in series with the parallel circuit of the surface film-electrolyte double-layer capacitance and the further oxidation resistance of the surface film. Furthermore, the second oxidation resistance is connected in series with the parallel circuit of the surface film-electrode capacitance and the further oxidation resistance of the surface film. Since the first layer of oxidation resistance disappears, we use the analog circuits from Deng et To further fit the data, this paper improved upon the analog circuit created by Deng et al. [31] in the sulfuric acid solution. The analog circuit and theory model are shown in Figure 6 . A new oxidation resistance R 3 and interface Q 3 were added to the circuit. The resistance of the electrochemical reaction is parallel to the capacitance of the double layer. The solution resistance is connected in series with the parallel circuit of the electrode-electrolyte double-layer capacitance and the electrochemical reaction resistance. The initial oxidation resistance is connected in series with the parallel circuit of the surface film-electrolyte double-layer capacitance and the further oxidation resistance of the surface film. Furthermore, the second oxidation resistance is connected in series with the parallel circuit of the surface film-electrode capacitance and the further oxidation resistance of the surface film. Since the first layer of oxidation resistance disappears, we use the analog circuits from Deng et al. [31] in ferric ion and HQ0211 strain solutions.
by electrochemical impedance spectroscopy (EIS)
galvanic effect can reduce the R3 value to accelerate the oxidation of arsenopyrite. In ferric ion and HQ0211 strain solutions, the limiting step of arsenopyrite oxidation is R2 (charge transfer resistance during the oxidation of the surface layer) for both arsenopyrite and the galvanic pair. The R2 values of arsenopyrite and the galvanic pair are 898 and 498 Ω•cm 2 , respectively, in the ferric ion solution. The R2 values of arsenopyrite and the galvanic pair are 1153 and 809 Ω•cm 2 , respectively, in the bacterial solution. The higher R2 value in the bacterial solution may be due to the toxic effect of arsenopyrite on bacteria. This results in bacteria carrying ferric ions, which tend not to adsorb on the surface of arsenopyrite or the galvanic pair. Apart from this, the galvanic effect can accelerate arsenopyrite oxidation by reducing the value of R2. Therefore, the galvanic effect can accelerate the oxidation of arsenopyrite and determine the rate-limiting step of the reaction. 
DFT Calculations
The calculation errors are listed in Table 4 . Among all lattice parameters, the maximum calculation error of pyrite was 0.01%, and that of arsenopyrite was 0.05%, which meets the error requirement of Generalized Gradient Approximation (GGA)-Perdew-Wang (PW91). The crystal In the ferric ion solution and HQ0211 strain, Rs and R1 represent the solution resistance and the charge transfer resistance during arsenopyrite oxidation, respectively. Q1 and Q2 correspond to the double-layer capacitances between electrode/electrolyte interfaces and surface layer (S 0 layer)/electrolyte interfaces, respectively. R2 represents the charge transfer resistance during the oxidation of the surface layer. In the sulfuric acid solution, an additional passivation layer (As 2 S 2 ) is formed after the reaction [27] . Rs and R1 represent the solution resistance and the charge transfer resistance during arsenopyrite oxidation. Q1, Q2, and Q3 correspond to the double-layer capacitances between electrode/electrolyte interfaces, surface layer (As 2 S 2 layer) (Reaction (8))/surface layer (S 0 layer) interface, and surface layer (S 0 layer)/electrolyte interfaces, respectively. R2 and R3 represent the charge transfer resistance during the oxidation of the S layer and surface layer, respectively.
The fitting data and fitting errors are listed in Table 3 . As shown in Table 3 , the limiting step of the arsenopyrite oxidation reaction in a sulfuric acid solution is R 3 (charge transfer resistance during the oxidation of surface layer) and depends on whether arsenopyrite alone or the galvanic pair was used. The R 3 values of arsenopyrite and the galvanic pair are 2398 and 1475 Ω·cm 2 , respectively. The galvanic effect can reduce the R 3 value to accelerate the oxidation of arsenopyrite. In ferric ion and HQ0211 strain solutions, the limiting step of arsenopyrite oxidation is R 2 (charge transfer resistance during the oxidation of the surface layer) for both arsenopyrite and the galvanic pair. The R 2 values of arsenopyrite and the galvanic pair are 898 and 498 Ω·cm 2 , respectively, in the ferric ion solution. The R 2 values of arsenopyrite and the galvanic pair are 1153 and 809 Ω·cm 2 , respectively, in the bacterial solution. The higher R 2 value in the bacterial solution may be due to the toxic effect of arsenopyrite on bacteria. This results in bacteria carrying ferric ions, which tend not to adsorb on the surface of arsenopyrite or the galvanic pair. Apart from this, the galvanic effect can accelerate arsenopyrite oxidation by reducing the value of R 2 . Therefore, the galvanic effect can accelerate the oxidation of arsenopyrite and determine the rate-limiting step of the reaction. 
The calculation errors are listed in Table 4 . Among all lattice parameters, the maximum calculation error of pyrite was 0.01%, and that of arsenopyrite was 0.05%, which meets the error requirement of Generalized Gradient Approximation (GGA)-Perdew-Wang (PW91). The crystal structure and highest occupied molecular orbital (HOMO) (green and yellow iso surface) of pyrite, arsenopyrite, and Fe 2+ and the lowest unoccupied molecular orbital (LUMO) of Fe 3+ are shown in Figure 7a -d, respectively. The HOMO orbitals of the arsenopyrite and pyrite crystals are distributed around the iron atoms, and the Fe 2+ and Fe 3+ orbital hybridization modes are different. The process of chemical reaction is actually the same as the process of electron migration from the HOMO of the reductant to the LUMO of the oxidant. The transfer of electrons during the oxidation of pyrite by ferric ions is shown in Reaction (3). The HOMO value of arsenopyrite (−0.180) is higher than that of pyrite (−0.220). When arsenopyrite and pyrite co-exist, the final electron donor is arsenopyrite. This is why the oxidation behavior of the galvanic pair is characterized by arsenopyrite oxidation behavior. However, because the HOMO of pyrite is closer to the LUMO of Fe 3+ (−0.241) than to the HOMO of arsenopyrite, it is easier for electrons to migrate from arsenopyrite to the pyrite surface than for electrons to migrate from the pyrite surface to Fe 3+ . Therefore, the presence of pyrite accelerates the oxidation of arsenopyrite in the galvanic pair. Table 4 . Calculation errors for pyrite and arsenopyrite. 
Lattice Parameter A (Angstrom) B (Angstrom) C (Angstrom) α (°) β (°) γ (°)
Calculated pyrite lattice parameter 5.411 5.411 5.411 90 90 90 Calculation errors for pyrite 0.01% 0.01% 0.01% 0% 0% 0% Calculated arsenopyrite lattice parameter 9.46 5.63 6.39 89.9 89.7 89.9 Calculation errors for arsenopyrite 0.5% 0.5% 0.
Conclusions
By conducting electrochemical and DFT studies of three types of electrodes (pyrite, arsenopyrite, and a galvanic pair), the galvanic effect of pyrite and arsenopyrite in sulfuric acid, ferric ion, and HQ0211 strain solutions was determined to improve our understanding of the pyrite/arsenopyrite galvanic effect. The following conclusions were drawn:
